Leather processing is an important industry in China, and the discharge of chromium waste has been severely circumscribed. Though traditional processes for treating chromium waste have been widely used in tannery plants, technology adopting high efficiency and economic simultaneously is deficient. In order to develop an economic treatment for tannery waste, a mixed alkali of sodium hydroxide and magnesium oxide and diluted mineral acids were tested to improve the sedimentation effect of trivalent chromium from tannery wastewater. The results showed that the most feasible alkali was a mixture of sodium hydroxide and magnesium oxide with a mass ratio of 5:1 to balance the cost performance. The high chromium removal as 99.1% was obtained with a mixed alkali dosage only 0.2 g/L at pH 9.5, with a very low Cr-sludge yield. The effects of various factors on the extraction of trivalent chromium from Cr-sludge using mineral acids were investigated further more, and the results indicated that the feasible condition for chromium recovery from wet chromium sludge was as follows: 4% sulfuric acid as the leaching acid, chromium sludge (dry weight) load 23.55 g/L, extraction time 60 min, and reaction temperature 30°C. A chromium recovery of 20.86 mg/g was obtained under the feasible condition with a recovery rate of 91.8%. The method developed in the present study provided an effective solution to balance the cost performance for tannery waste treatment.
Introduction
Chromium is widely used by various modern industries like electroplating, tanning, textile, etc., resulting in discharge and accumulation in large quantities into the environment [1] . As a priority metal pollutant, chromium is considered to be very harmful to living cells, and may cause cancer and cell death [2] [3] [4] . Chromium exists in environment both as trivalent and hexavalent forms, and the hexavalent is much more toxic than the trivalent [5] .
In leather tannery industry, basic chromium sulfate (Cr(OH)SO 4 ) is the most utilized tanning agent for hide stabilization against microbial degradation. Its application also provides great versatility of the leather, such as excellent chemical properties and hydrothermal stability etc.. Trivalent chromium (Cr(III)) is one of the most important source of environmental contamination due to discharge of tannery wastewater in large quantities [5, 6] and disposal of chromium contaminated sludge that is produced as a byproduct of tannery wastewater treatment [7] . The contamination of soil and water by chromium and the disposal of tannery sludge are of great environmental concern. Cr(III) is less toxic and soluble than hexavalent chromium (Cr(VI)) but acutely chronical toxic [8] . Farthermore, Cr(III) can be oxidized to Cr(VI) under certain circumstances, resulting in more harm to environment and lives [9] . The European Community in this regard is to decrease chromium discharge in any chemical form until complete abatement by 2020 [10] .
Leather processing is an important industry in China. Its exports reached 1 billion U.S. dollars and its annual growth rate was reported to be 6.8% [11] . In China, 85% of the leather is processed by Cr(III) tanning in tanning workshops. In average, when the chromium salts are used as tannage, only 60% of the total chromium reacts with the hides and about 40% of the chromium remains in the liquid and solid waste [12] .
Statistics showed that, in 2007, Chinese tannery industry discharged 11.5 billion tons of wastewater, 8% of which came from the tanning process with a Cr(III) concentration as high as 3000-6000 mg/L prior to treatment [13] . In order to preventing chromium pollution and meet the 1.5 mg/L Cr State Discharge Standard, tanneries currently collected and treated the chromium water separately. However, a large volume of sludge is generated in the Cr(III)-contained wastewater treatment process. The sludge containing a high Cr(III) concentration (Cr-sludge) is regarded as a hazardous solid waste and managed strictly by the Government of China, which is treated centrally by specified qualified companies [14] . However, lack of treating facilities resulting in a large accumulation of chromium in tannery plants, not only restricted the tannery production, but also increased the risk of harm.
Since the importance of waste recycling and minimization has been widely acknowledged, many efforts have been devoted to recovering and/or reducing Cr(III) from the tannery wastewater (Cr-wastewater). Methods developed include direct recycling, flocculation, chemical precipitation, ion exchange, extraction, electrolysis, and membrane separation [15] [16] [17] [18] [19] [20] [21] [22] [23] . Among these methods, chemical precipitation is most widely used in China because of its maturity in technique, simplicity in equipment, flexibility in operation, and recovery of Cr(III). In general, alkali is added into the spent tanning solution to increase the solution pH so that Cr(III) can form insoluble Cr(OH) 3 (solubility=6.3×10 -31 at 25°C) and then be removed as Cr-sludge by precipitation. The sludge is then redissolved with strong acids for reuse in the tanning process. It has reported that the solubilization of the Cr-sludge was up to 90% with 50% sulfuric acid (H 2 SO 4 , v/v) to adjust pH to 0.4 [24] , and microwave irradiation could enhance the Cr recovery ratio [25] .
Although all basic chemicals can effectively precipitate Cr(III) under a certain pH, the settling characteristics of the precipitate vary greatly according to cations of different valence of alkaline reagents. The precipitate can also capture ions and particles during formation and settling. Sodium hydroxide (NaOH) is the prevailing chemical used and provides excellent Cr(III) removal. However, the precipitate settles very slowly and is hard to dry, making sludge disposal or reuse very difficult and expensive. Magnesium oxide (MgO) was superior to NaOH because of its minimum sludge volume and better precipitate settling [20, 26] , but MgO is too expensive to be economically feasible in China, especially for small-size tanneries. Therefore, a mixture of NaOH and MgO was tested in the present study to minimize the use of MgO while keeping a high Cr(III) recovery percentage, high sludge purity and minimum sludge volume at a low cost. In view of the larger dangerous and dosage of strong acids used in the dissolution process and unsuitable for large-scale use, a low concentration of acid-dissolution method was developed further more from an economic point of view.
Experimental
Materials. Cr-wastewater and Cr-sludge were collected from a tannery plant in Quanzhou, China. Concentration of chromium in the wastewater was about 108.8 mg/L. There was 76.45% of moisture in the tannery sludge with a total chromium content of 22.72 mg/g dry substrate. All the chemicals, including NaOH, MgO, strong H 2 SO 4 , hydrochloric acid (HCl), and nitric acid (HNO 3 ) and were analytical grades, supported by Fujian Fuyou Chemicals Company and used as received. All dilutions were made by distilled water. Precipitation of chromium from Cr-wastewater. The Cr-wastewater samples collected from the tannery plant were firstly filtered with a 1 mm screen to remove large particulate matters and then treated by chemical precipitation process. Chemical precipitation process was carried out in 500 ml beakers on a 6-connection (speed-examining) power mixer (JJ-4, Guohuayiqi Ltd., China). Each of the beakers held 250 ml Cr-wastewater sample and alkali was used as coagulant. The alkali was a mixture of NaOH and MgO. In order to determine the appropriate NaOH/MgO mass ratio and the pH for the acid-base reaction, NaOH/MgO mass ratio of 0:1, 1:1, 3:1, 5:1 and 1:0 were tested with the same total weight of 1.5 g, respectively, while the influences of pH (6.5, 7.5, 8.5, 9.5 and 10.5) on chromium removal were also investigated for each mass ratio. The specific steps were as follows: adding 1.5 g mixed alkali into 250 ml Cr-wastewater sample, stirring at a speed of 200 runs per minute (rpm) for 1 minute to dissolve the alkali completely，and then the mixed solution was adjusted to a certain pH (6.5, 7.5, 8.5, 9.5 and 10.5) with 10 mol/L or 1 mol/L HCl. After stirred gently for 30 min at room temperature, 100 mL mixture was taken timely and settled for 30 minutes in the graduated cylinder to obtain the sludge volume (SV). The chromium concentration in the supernatant was detected to calculate the total chromium removal from chemical precipitation process. The feasible NaOH/MgO mass ratio and pH for the acid-base reaction were determined by comparing the experimental results at last.
To obtain the feasible dosage, 0.05, 0.1, 0.25, 0.5 and 1 g of the NaOH/MgO mixture were further tested at the feasible mass ratio 5:1 and pH 9.5. The specific steps were as follows: adding the preset doses of the mixed alkali into 250 ml Cr-wastewater sample, and stirring at a speed of 200 rpm for 1 minute. Then the mixed solution were adjusted to pH 9.5 and stirred gently for 30 minutes at room temperature. 100 mL mixture was sampled timely and the SV and chromium concentration in the supernatant was detected. The feasible dosage of the mixed alkali was determined by comparing the experimental results. Chromium extraction from Cr-sludge. Recovery of chromium from the Cr-sludge was tested using the acid-soluble method. The dissolution of the sludge in acids was often incomplete, resulting in a low chromium recovery [7] . In order to improve the leaching rate of chromium from Cr-sludge, H 2 SO 4 and its mixture with HCl and/or HNO 3 were tested.
Chromium extraction from Cr-sludge was operated with 500 ml beakers in a shaking water bath (SHZ-82, Jintan Shunhua, China) at 30 °C. Each of the beakers held 10 g wet sludge and 4% H 2 SO 4 solution (v/v) was used as solvent. Three Cr-sludge loads, i.e. 11.77, 23.55 and 47.1 g/L were settled by adding H 2 SO 4 solution to the beakers and extraction time 20, 40, 60 and 120 min were tested according to the Cr-sludge loads, respectively. After the reactions, chromium content in the supernatant (filtrate through a filter paper) was tested to calculate chromium leaching rates in terms of milligram chromium per gram dry Cr-sludge.
The influence of temperature (20, 30, 40 , 50 °C) on chromium leaching rates was further evaluated base on the test of Cr-sludge load and extraction time. Specific steps for each temperature were the same as follows: adding 10 g wet Cr-sludge into 500 mL beaker, and then adding 4% H 2 SO 4 solution according to Cr-sludge load of 23.55 g/L. Chromium content of the filtrate was tested to calculate chromium leaching rates after stirred gently for 60 min.
The influence of acid solvent types on chromium leaching rates was also tested. The tested acid solvents were 4% H 2 SO 4 , 2% H 2 SO 4 +2% HNO 3 (v/v), 2% H 2 SO 4 + 2% HCl (v/v) and 2% Advanced Materials Research Vol. 878 H 2 SO 4 + 1% HNO 3 + 1% HCl (v/v). The Cr-sludge load, extraction time and temperature in each reaction system were the same, i.e. 23.55 g/L, 60 min (stirred gently) and 30 °C, respectively. Analytical methods. Total Cr, SV, and pH in solutions were analyzed following the Standard Methods [27] . Cr in sludge was measured following the Environmental Monitoring Handbook [28] .
Results and discussions
Chromium removal from Cr-wastewater. pH had a remarkable influence on the precipitation of chromium from Cr-wastewater. Fig.1 showed that the chromium removal in the control system with NaOH as basic chemical increased following the raise in pH and a removal ratio of 97.3% was obtained when pH reached 10.5. MgO had a better chromium removal than NaOH and a removal ratio of 96.3% was obtained at pH 8.5. In the systems with NaOH/MgO mixture as basic chemical, the chromium removal ratio was increased with the raise of pH till peak values were reached at pH 9.5. Though the chromium removal ratios in the systems with NaOH/MgO ratio of 1:1, 3:1 and 5:1 were significant difference at the other pHs, their peak values at pH 9.5 approximated very much. The increase of MgO in the mixed alkali could enhance the sediment of the formed flora at pH 9.5 as illustrated in Fig.2 . The SV in the systems with mixed alkali as coagulant were observably lower than that in the control system with NaOH as coagulant. The SV among the reaction systems with NaOH/MgO mass ratio of 1:1, 3:1 and 5:1 were insignificant. Though the SV in the system with MgO as coagulant was the lowest among the systems, the feasible NaOH/MgO ratio was same to be 5:1, because the less use of MgO would cut down the treatment cost. There was about 27.2 g Cr(III) in 250 mL Cr-wastewater. According to the reactions as follows:
Cr 3+ + 3NaOH = Cr(OH) 3 ↓+ 3Na + (1) 2Cr 3+ + 3MgO + 3H 2 O = 2Cr(OH) 3 ↓+ 3Mg 2+ (2) about 0.06 g NaOH was needed to precipitate the 27.2 g Cr(III) in 250 mL Cr-wastewater, while only about 0.03 g MgO was needed to precipitate the same mass of Cr(III). Fig.3 showed that chromium removal in the reaction system with the NaOH/MgO mass ratio 5:1 and pH 9.5 was as high as 99.1% when the dosage of the mixture alkali was 0.2 g/L that was near to the theoretical value. The chromium removal decreased along with the reduction of the mixed alkali until the dosage reached up to 1 g/L (Fig.3) . However, the chromium removal rose when the dosage increased further more, and reached 99.1% again at dosage of 4 g/L. It was thought that excess OHresulted in the dissolvation of Cr(OH) 3 , while more Mg(OH) 2 was produced in the system. And excessive Mg(OH) 2 precipitations would lead to a increase in chromium removal, which could be explained by the ''bridging'' capability of Mg 2+ and Cr-OH-Cr bridges [29] . Though the same chromium removal rate about 99.1% was obtained at mixed alkali dosage of 0.2 g/L and 4 g/L, separately, less Cr-sludge was produced at dosage of 0.2 g/L. Thus, NaOH/MgO mixture with a mass ratio 5:1 was recommended for chromium removal from Cr-wastewater with a dosage of 0.2 g/L and pH 9.5. Chromium recovery from Cr-sludge. The Cr-sludge produced in the precipitating process is regarded as a hazardous solid waste [2] [3] [4] , and managed strictly by the Government of China [14] .
In order to find out the feasible condition for leaching rate of chromium from Cr-sludge, extraction time 20, 40, 60 and 120 min were tested firstly at 30°C according to Cr-sludge (dry weight) loads of 11.77, 23.55 and 47.1 g/L in 4% H 2 SO 4 , respectively. The results (Table 1) showed that the leaching rates of chromium (in terms of milligram chromium per gram dry Cr-sludge) in the systems with a Cr-sludge load of 23.55 g/L were higher than the other systems with a Cr-sludge load of 11.77 or 47.1 g/L when the extraction time was the same. For the system with a Cr-sludge load of 23.55 g/L, the leaching rates of chromium increased from 19.25 to 20.86 mg/g when the extraction time extended from 20 min to 60 min. However, when the extraction time increased further to 120 min, the increase of leaching rate of chromium was found to be negligible. This result suggested that the feasible Cr-sludge load and extraction time for chromium recovery in 4% H 2 SO 4 were 23.55 g/L and 60 min, respectively. Temperature has a significant influence on the leaching rate of chromium from Cr-sludge [24] . As illustrated in Fig.4 , the leaching rate of chromium from Cr-sludge in 4% H 2 SO 4 increased from 18.4 to 20.86 mg/g when temperature rose from 20°C to 30°C. It has reported that the solubility of Cr(OH) 3 should decrease with an increase in temperature [30] . That was why a small increase in
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Selected Proceedings of the Eighth International Conference on Waste Management and Technology leaching rate of chromium was found when temperature increased further to 40°C and 50°C. Thus, 30°C was preferable for chromium extraction from Cr-sludge, based on the view of energy consumption reduction in the process. Shen and coworkers [24] reported that the type of sludge (wet or dry) had no effect on the leaching rate of chromium. On the contrary, leaching rate of chromium from wet Cr-sludge was found in the present study to be obviously higher than that of dry sludge in various acids ( Table 2) . For example, the leaching rate of wet sludge was 20.86 mg/g that was double as much as that of the dry sludge (9.63mg/g) in 4% H 2 SO 4 . Though Macchi and coworker [7] reported that the type of mineral acids (HCL, HNO 3 and H 2 SO 4 ) has few effect on chromium extraction from tannery sludge, it was found that the addition of nitric acid to the dilute sulphuric acid could enhance the chromium recovery to some extent (Table 2 ). Nonetheless, the use of mixed mineral acid would increase the operational complexity and security risk of the process. In addition, H 2 SO 4 was also the cheapest one among the used mineral acids. So, dilute sulphuric acid was considered to be preferred for chromium recovery from Cr-sludge.
Above all, the feasible condition for chromium recovery from wet Cr-sludge was as follows: 4% H 2 SO 4 as the leaching acid, Cr-sludge (dry weight) load 23.55 g/L, extraction time 60 min, and reaction temperature 30°C. Under the feasible condition, a chromium recovery of 20.86mg/g was obtained with a recovery rate of 91.8%, which was higher than that 90% reported by Macchi and coworkers [7] . Approximate 8% of Cr (III) could not be dissolved, mainly because the residual solids (insoluble solids) adsorbed some metals or formed strong chemical bonds with them [24] .
The chromium recovery rate of 91.8% was also higher than that reported by Shen [24] and Guo [25] . Guo and coworkers reported that the recovery rate with 20% H 2 SO 4 solution and microwave irradiation for 5 min was only up to 80% [25] . Shen and coworkers reported the recovery rate was about 90% with 50% H 2 SO 4 (v/v) at sludge solid concentration of 20 g/L [24] . In comparison, the method developed in the present study provided a more effective achievement to balance the cost performance, resulted in better chromium recovery efficiency from Cr-sludge and less use of chemical.
Conclusions
In order to develop an economic treatment for tannery waste, a mixed alkali of NaOH and MgO and diluted mineral acids were tested to improve the sedimentation effect of Cr(III) from tannery wastewater. Extraction process of Cr(III) from Cr-sludge using mineral acids were evaluated further more. Based on the experiment results, following conclusions can be drawn:
(1) The mixture of NaOH with MgO could enhance the Cr(III) removal from tannery wastewater and balance the cost performance. The best mass ratio of NaOH with MgO was 5:1. A chromium removal of 99.1% was obtained with a mixed alkali dosage only 0.2 g/L at pH 9.5, with a very low Cr-sludge yield.
(2) The feasible condition for chromium recovery from wet Cr-sludge was as follows: 4% H 2 SO 4 as the leaching acid, Cr-sludge (dry weight) load 23.55 g/L, extraction time 60 min, and reaction temperature 30°C. A chromium recovery of 20.86 mg/g was obtained under the feasible condition with a recovery rate of 91.8%.
